Homo-junction ferroelectric field-effect-transistor memory device using solution-processed lithium-doped zinc oxide thin films High performance homo-junction field-effect transistor memory devices were prepared using solution processed transparent lithium-doped zinc oxide thin films for both the ferroelectric and semiconducting active layers. A highest field-effect mobility of 8.7 cm 2 /Vs was obtained along with an I on /I off ratio of 10 6 . The ferroelectric thin film transistors showed a low sub-threshold swing value of 0.19 V/dec and a significantly reduced device operating voltage (64 V) compared to the reported hetero-junction ferroelectric transistors, which is very promising for low-power non-volatile memory applications. Ferroelectric thin film transistor (Fe-TFT) based memory devices have attracted much attention in recent years because of their potential advantages: non-volatility, non-destructive readout, low-power consumption, fast switching speeds, and the ability to operate without an access transistor which makes high density memories possible. The information storage in a Fe-TFT is accomplished by inducing a polarization in a ferroelectric film which in turn modulates the conductivity of the channel in a semiconductor substrate. Recently, hetero-structure Fe-TFTs have been reported using zinc oxide, [1] [2] [3] [4] [5] [6] indium tin oxide, 7, 8 indium zinc oxide, 9 zinc tin oxide, 10 and indium gallium zinc oxide 11, 12 based thin films as the active layers. In all these cases inorganic or organic materials such as lead zirconate titanate, barium titanate, and poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] have been used as the ferroelectric layer. Although P(VDF-TrFE) has relatively high remanent polarization and fast switching time, it requires large voltage for electrical switching because of its large coercive field of approximately 0.5À1 MV/cm. Further, the reported heterojunction Fe-TFTs operate at a comparatively high voltage, which is not suitable for low-power non-volatile memory applications. One of the key challenges for Fe-TFTs is their poor retention performance. The poor retention can result from two dominant effects (1) the depolarization field which opposes the polarization vector and (2) interfacial defects. Because the ferroelectric material is different from the semiconductor material in all reported ferroelectric field transistors, interfacial defects often form at the interface between the ferroelectric and semiconductor layers. These defects can include interfacial reactions, elemental diffusions, and dislocations that originate from interfacial stresses (from lattice constant or thermal expansion coefficient mismatch). One approach to reduce these interfacial defects is to form a homo-junction Fe-TFT using the same material as the ferroelectric and semiconductor layer. Such a device has not been previously reported.
Transparent zinc oxide (ZnO) based thin film transistors (TFTs) have been demonstrated recently as an alternative to the low-mobility silicon-based TFTs for flat-panel display applications. [13] [14] [15] Lithium has been proven to be a potential dopant to improve the performance and environmental stability of ZnO TFTs using simple solution process techniques. 16, 17 Moreover, the existence of spontaneous ferroelectric polarization in Li-doped ZnO (LZO) thin films has also been demonstrated. [18] [19] [20] [21] [22] It is believed that ferroelectricity in LZO arises due to the large difference in ionic radii between the host Zn (0.74 Å ) and the dopant Li (0.6 Å ). The combination of good transistor performance and ferroelectric behavior of Li-doped ZnO oxide thin films motivated us to fabricate a homo-junction Fe-TFT that uses LZO for both the ferroelectric and active layers.
Zinc acetate dihydrate (85 at. %) and lithium chloride (15 at. %) were dissolved in 2-methoxyethanol to prepare the precursor solution for the spin coating of ferroelectric Lidoped ZnO thin films. Total concentration of the metal ions in the precursor solution was fixed at 0.5 M. Equal molar of ethanolamine was added for the stabilization of the precursor solution and the solution was stirred at 50 C in air for 1 h. Fresh solutions were used to make devices within two days of the solution preparation. Heavily doped p-type silicon (p þ -Si) wafers were used as the substrate as well as the bottom gate contact for the fabrication of ferroelectric capacitors and Fe-TFTs. The p þ -Si substrates were ultrasonically cleaned using acetone, iso-propanol and then dried by nitrogen gas. The cleaned and dried p þ -Si substrates were exposed to oxygen plasma for 2 min to increase the hydrophilicity and better adhesion of the precursor solution. The precursor solution was spun on cleaned p þ -Si substrates at a speed of 3000 rpm for 30 s in air. After spin coating, the wet films were placed on a preheated hot plate at 80 C in air for 5 min and then dried at 300 C in air for 5 min. The spin coating and drying process were repeated several times to get films with desired thickness and finally the samples were subjected to slow thermal annealing at 500 C for 10 min in air. For the active layer, one layer of the LZO film was spin coated on top of the aforementioned slow thermally annealed LZO films under the same deposition conditions and then the LZO films were subjected to rapid thermal annealing at 500 C for 1 h. Circular shape silver contacts (80 nm) with diameter of 100 lm for ferroelectric and capacitance measurements and source and drain electrodes with channel width and length of 250 and 40 lm, respectively, for the transistor characteristic measurements were deposited using shadow mask and e-beam evaporation. Thickness of the LZO films was measured by a Veeco Dektak 150 surface profilometer. The average thickness of the LZO film was found to be 210 nm. Crystallinity of the LZO films was studied by x-ray diffraction (XRD) diffractometer (Bruker D8 Discover) using CuKa radiation. The morphology of the LZO films was studied by an Agilent 5400 atomic force microscope (AFM) under tapping mode. Polarization hysteresis behavior was studied using a Premier Precision II ferroelectric tester (Radiant Technologies Inc.). Capacitance of the LZO films was measured by a Precision LCR meter (Agilent E4980A). The current-voltage characteristics of the LZO Fe-TFTs were performed using a semiconductor characterization system (Keithley 4200-SCS) and a Cascade Microtech (Summit-11600 AP) microprobe station.
The XRD pattern of the LZO film deposited on p þ -Si substrate is shown in Fig. 1(a) . The observed intense and weak peaks corresponds to the (002) and (004) reflections of wurtzite phase of ZnO, respectively. The presence of intense (002) peak and the absence of other reflection peaks of ZnO indicates the preferential orientation of crystallites along the c-axis. The AFM image (inset of Fig. 1(a) ) of the LZO film showed a root mean square surface roughness and average particle size of 9 and 78 nm, respectively. The UV-VIS transmittance spectra of the LZO film deposited on glass substrate (Fig. 1(b) ) showed more than 80% transparency in the visible range of the electromagnetic spectrum. The optical band gap was determined by extrapolation of the linear region from the a 2 versus h plot (inset of the Fig. 1(b) ) near the onset of the absorption edge to the energy axis. The band gap of the LZO film was found to be $3.3 eV, which agrees well with the bulk band gap of ZnO. 23 The high transparency of the LZO film will be suitable for the realization of transparent memory devices.
The room temperature ferroelectric hysteresis curves measured at different applied voltages are shown in Fig.  2(a) . The polarization curve exhibited a symmetric and well saturated curve with an applied voltage of !3 V, which confirmed the ferroelectric behavior of LZO film. 21 A remanent polarization of 0.9 lC/cm 2 was obtained with a coercive field of $60.07 MV/cm. The coercive field obtained in the present work is significantly lower than reported values for inorganic oxide 24 and organic 25 based ferroelectric thin films; hence, LZO based ferroelectric thin films have potential for low-voltage applications. The capacitance vs voltage (C-V) curve measured at a frequency of 1 kHz is shown in Fig.  2(b) . The presence of hysteresis in the C-V curve further confirms the ferroelectric behavior of the LZO film. A memory window of $0.8 V was found from the CV curve which is very promising for memory applications. It is clearly seen from the C-V curve that at negative gate biasing voltages, the capacitance increases due to the accumulation of the substrate's majority carriers at the interface between the ferroelectric film and the p þ -Si. At positive biasing voltages on the gate, the ferroelectric film is at higher potential than the silicon and substrate which depletes the silicon substrate from carriers near the interface, resulting in low capacitance. The choice of gate dielectric and the leakage current of the gate oxide are very important for TFT performances. The inset of the Fig. 2(b) shows the leakage current density of the p þ -Si/LZO/Ag structure. A leakage current density of $10 À7 A/cm 2 was observed for voltages below 4 V, thus making LZO as a promising candidate for low-voltage applications.
A schematic of the device structure, output, and transfer characteristics of the homo-junction Fe-TFT using LZO as ferroelectric and active layer are shown in Figs. 3(a)-3(c) . The output characteristics curves showed a typical fieldeffect transistor behavior working in the enhanced mode of operation. The transfer characteristics curve of the LZO Fe-TFT devices was measured in dual sweep mode of gate-tosource voltage (V GS ) with a constant drain-to-source voltage (V DS ) of 1 V. When a bias voltage greater than the coercive voltage is applied onto the gate of the Fe-TFT, the dipoles within the LZO ferroelectric layer are aligned to attract or to deplete the electrons in the LZO active layer, depending upon the gate bias polarity. The counterclockwise hysteresis in forward and reverse sweep of V GS from the transfer characteristic suggests that the shift of the turn-on voltage of the Fe-TFTs is caused by the ferroelectric nature of the LZO thin film. The field-effect mobility (l FE ) induced by the transconductance in the linear operation regime (V DS 1 V) was estimated using the following equation
where g m is the transconductance, L and W are the channel length and width, respectively, and C is the capacitance (37 nF/cm 2 measured at 1 MHz) per unit area of the LZO ferroelectric film. A field-effect mobility of 8.7 cm 2 /Vs was obtained with an I on /I off ratio of 10 6 . The field-effect mobility obtained in this work is superior to the previously reported results using inorganic/organic ferroelectric materials and ZnO semiconductors. 1, 2, 4 It may be mentioned here that, the LZO Fe-TFT operates at a very low voltage (À4 V to þ4 V) and also showed an I on /I off ratio of 10 4 at V GS ¼ 0 V, which is very promising for low-voltage memory applications. The LZO Fe-TFT exhibited a memory window of 0.9 V which is very close to the value of memory window obtained from the C-V characteristic curve of the p þ -Si/ LZO/Ag structure. In general, a low sub-threshold swing value is required for fast switching applications. The LZO Fe-TFT showed a low sub-threshold swing of 0.19 V/dec, which may be attributed to the reduction of defects due to the homo-junction of the LZO ferroelectric and the active layer interface. The retention curves of the homo-junction LZO FE-TFTs are shown in Fig. 3(d) . A voltage pulse of 3 V or À3 V was applied for 1 s to the gate electrode (V GS ) to switch the LZO Fe-TFT to on or off state, respectively. The drain current (I DS ) was measured at V DS ¼ 1 V and V GS ¼ 0 V for both on-and off-states for 2000 s. Our preliminary results showed an on and off-state drain current ratio of $50 throughout the measurement duration which is very close to the value reported using ZnO/P(VDF-TrFE) based devices. 4 The lower on-off ratio of the on and off-state drain current may be due to the low polarization of the LZO ferroelectric film, resulting the fast decay of the on-current. The retention properties of the LZO Fe-TFTs can be improved by further optimization of the LZO film and/or by inserting of a suitable interfacial layer, which is under investigation. Nevertheless, it may be noted here that the fabricated homojunction LZO based Fe-TFT has potential to be used in lowvoltage nonvolatile memory applications.
In summary, homo-junction oxide based ferroelectric field-effect thin film transistors were prepared by sol-gel spin coating method. The device uses solution-processed, transparent Li-doped ZnO films for both the ferroelectric and active layers. Furthermore, the devices operate at much lower voltage compared to hetero-junction ferroelectric thin film transistors (64 V). A highest field effect mobility of 8.7 cm 2 /Vs was obtained along with an I on /I off ratio and subthreshold swing of 10 6 and 0.19 V/dec, respectively. The obtained performances of the LZO Fe-TFTs are very promising for low-voltage non-volatile memory applications.
